Abstract
pography of the Earth's surface can be influenced by fast, irregular horizontal flow within thin, but rapidly evolving, asthenospheric fingers.
Introduction

23
It is generally agreed that a substantial convective upwelling or plume centered beneath Iceland has had a 24 significant effect on the stratigraphic evolution of the North Atlantic Ocean (White and McKenzie, 1989 ; Jones multi-lithologic modeling of olivine-spinel-aluminum exchange thermometric observations of basaltic samples 85 from the Northern Volcanic Zone, adjacent to the plume conduit itself (Matthews et al., 2016) . South of Iceland 86 along the Reykjanes Ridge, Parnell-Turner et al. (2014) argue that plume temperature also fluctuates by 25-30
• C 87 with a periodicity of up to 8 Ma over the last 50 Ma. They suggested that the Icelandic plume shrank dramatically 88 toward the end of Eocene times and that the present-day planform of this convective upwelling was established in 89 the last 30-40 Ma.
90
The present-day thermal structure of the Icelandic plume can be independently gauged by exploiting the con- 
where U is surface uplift, b is the thickness of the asthenospheric layer, α = 3.4 × 10 −5 • C −1 is the thermal 99 expansion coefficient, T r = 1315
• C is the ambient asthenospheric temperature, andT is the average excess 100 temperature across the channel (e.g. Rudge et al., 2008) . Furthermore, the wavelength of asthenospheric anomalies 101 is O(10 2 ) km, which is large compared to the elastic thickness of the lithosphere of the northwest European shelf.
These local values prescribe an empirical relationship between temperature, depth and shear wave velocity that can be validated against the global calibration of Priestley and McKenzie (2006) who combined a thermal param-109 eterization of a stacked surface wave tomographic model of oceanic plates with pressure/temperature estimates 110 from mantle nodules to calculate shear wave velocity as a function of temperature, pressure and activation process.
111
Between 1300
• C and 1500
• C at a depth of 150 km, their parameterization can be approximated by
This approximation yields V s ≈ 4.24 ± 0.10 km s −1 for an asthenospheric temperature of 1455 • C, in close 113 agreement with Rickers et al. (2013) .
114
This empirical relationship between shear wave velocity and temperature at a depth of 150 km can be used
115
to construct a temperature-dependent map of viscosity within the asthenospheric channel. The viscosity contrast 116 between plume material and the surrounding ambient mantle is given by the mobility ratio, M , where
η r is the viscosity of ambient mantle and η is the viscosity of plume material where
E = 409 ± 50 kJ/mol is the activation energy of mantle rock, R = 8.3 J/mol/K is the gas constant, and pressure 119 dependence terms are neglected ( Figure 3 consistent with activation energies as low as E = 375 ± 50 kJ/mol and E = 380 ± 20 or 410 ± 40 kJ/mol,
129
respectively. If E is as low as 300 kJ/mol, which is unlikely, values of M = 5-10 are obtained ( Figure 3 for a melt fraction of 0.01 (see Figure 4 of Holtzman, 2016). More significantly, melt fractions as low as 0. 003 133 can cause viscosity to decrease by as much as two orders of magnitude (McCarthy and Takei, 2011) . Given the 134 absence of basaltic melting that tracks the observed fingers, the observational uncertainties for V s , and the fact that 135 our estimate of mobility ratio is necessarily a lower limit, these complications can be safely neglected here.
136 Figure 4 shows the radial distribution of M calculated using Equations (2) 
where r(t) is the inscribed present-day planform as a function of time, r • = 500 km is the radius of the central part
149
of the plume that probably also varies with time, A(t) is the present-day finger amplitude as a function of time, n 150 is the mode (i.e. the number of fingers), and θ is the radial angle ( Figure 1b) . By identifying and fitting finger tips,
151
we find that n is 5 ± 1 (see inset of Figure 4 ). The average wavelength of the fingers is constrains its excess volume which is maintained by buoyancy flux. For a plume radius of 1200 ± 100 km that 164 grew over the last 30-40 Ma, 27 ± 5 Mg s −1 (M. Hoggard, personal communication, 2017) .
165
We note that several popular estimates of the buoyancy flux of the Icelandic plume must be incorrect. Sleep
166
(1990) assumes that the plume flux is given by
where S is full spreading rate (e.g. 16.5 mm/yr), L and A are thicknesses of lithosphere and asthenosphere away (1990) assumes a plume radius of 800 km, even though it is generally agreed that the Icelandic plume has a radius 172 of 1200 km (White, 1997). Secondly, and more crucially, Sleep (1990) assumes that the average velocity within 173 the plume head (i.e. asthenospheric layer) is much slower than the spreading velocity of the lithospheric plates.
174
This assumption is erroneous since we know from the geometry of the V-shaped ridges that the asthenospheric 175 velocity is more than ten times that of plate spreading.
176
In a second approach, Sleep (1997) assumes that lateral flow of plume material is primarily driven by local 177 buoyancy forces. Sleep (1997) use a simplified analysis of a gravity current to obtain an approximate expression 178 for volume flux where
where S AO is maximum thickness of plume material at center of rift, S BO is depth to base of plume material at Icelandic plume was not supplied with plume material through a conduit, Sleep's (1997) scheme predicts that the 188 V-shaped ridges should be strongly curved whereas they are almost, but not quite, linear (Ito, 2001) .
189
We can now use our self-consistent estimates of volume flux to determine the cross-gap Péclet number, P e, 190 which is the dimensionless ratio of the advective and diffusive transport rates (Rudge et al., 2008) . It is given by
where κ = 8×10 −7 m 2 s −1 is the thermal diffusivity of mantle rocks. This equation yields P e = (2.1±0.4)×10 role. Paterson (1985) proposed that viscous dissipation acts to damp finger growth since the development of fingers 208 increases shearing rates. By arguing that viscous dissipation is minimized, Paterson (1985) showed that the 'most and Tait, 1998). The importance of such hydrostatic pressure gradients relative to those that drive the flow can be 237 gauged by considering a gravity number given by
where ∆ρ is the density contrast between invading and defending fluids (Greenkorn et al., 1967; Chui, 2012 experimental results imply that even when buoyancy contrasts are large, the wavelength of fingering scales with b.
242
In this case, radial spreading occurs by a gravity-driven current which may cause the growth of higher modes to be 243 strongly dampened.
244
Finally, we note that a considerable body of theoretical analysis has been carried out on radial miscible fingering perturbations, σ, is negative for all modes (i.e. no growth of perturbations), provided that P e r is small. σ increases
251
with P e r and changes sign for modes of n ≥ 3 when P e r ∼ 10. For larger values of P e r , perturbation analysis 252 demonstrates that there is always both a cut-off and a most dangerous mode. The value of the most dangerous 253 mode and the number of unstable modes increase with P e r . For asymptotically large values of P e r , Tan and 254 (1987) showed that
Homsy
In this case, the most dangerous mode is given by
r .
For large values of P e r , the predicted wavelengths rapidly decrease and the assumption of Darcy flow inevitably 257 breaks down. Instead, it is necessary to have recourse, as we have done, to a combination of experimental analyses 258 and heuristic arguments. suggest that a Saffman-Taylor instability will manifest itself at the distal fringes of the Icelandic plume (Figure 7) .
265
Since the Icelandic plume fluctuates through time, we expect that these radial fingers wax and wane, giving rise to 266 complex spatial and temporal patterns of epeirogeny.
267
It is helpful to place this result in context by considering three other well-known plumes. We start with the
268
Hawaiian plume which is well studied and is often compared with the Icelandic plume. This plume has a smaller 269 planform and a smaller melt production rate, both of which suggest that its buoyancy flux is also smaller (Fig-270 ure 9a). Sleep (1990) that a viscous fingering instability should not be expected (Figure 9d-f) . This result suggests that the absence of 295 a viscous fingering instability for the Hawaiian plume is not necessarily a consequence of the fast velocity of the 296 overlying lithosphere (Arachchige, 2016).
297
Finally, and more controversially, we consider the Yellowstone plume which is characterized by regional eleva- volcanism throughout western North America shows that there is a dramatic transition from alkali basalts to ocean 316 island basalts at ∼ 5 Ma. There is strong evidence that asthenospheric melting is influenced in significant ways 317 by hydrous melt fractions. These fractions will have a dramatic effect on asthenospheric viscosity which means 318 that the value of M may be considerably underestimated if it is calculated from temperature alone using Equations
319
(2)-(4). Hirth and Kohlstedt (2003) (2)- (4) with E = 409 kJ mol −1 (note that reference viscosity is that of ambient oceanic asthenosphere so this calculation is not designed to be reliable within continental cratons). Large white circle = center of Icelandic plume (Shorttle et al., 2010) ; small white circles = loci of finger tips obtained by visually matching Equation (5) with n = 5 and r = 1000 km (see inset). Azimuthal polar projection centered on Iceland where radius = 2800 km. Ticks on scale bar plotted every 500 km. 
